6-Pentadecanylsalicylic acid, referred to as anacardic acid (C 15:0 ), was found to inhibit the linoleic acid peroxidation competitively catalyzed by soybean lipoxygenase-1 (EC 1.13.11.12, Type 1) with an IC 50 of 14.3 μM (4.88 μg/mL). This inhibition is a reversible reaction without pro-oxidant effects. The inhibition kinetics analyzed by Dixon plots indicates that anacardic acid (C 15:0 ) is a competitive inhibitor and the inhibition constant, KI, was established as 6.4 μM. The hydrophilic head (salicylic acid) portion first chelates the iron in the active site and then the hydrophobic tail portion begins reversibly interacting with the C-terminal domain where the iron is located. The inhibition of anacardic acid (C 15:0 ) can be explained by a combination of iron ion-chelation and hydrophobic interaction abilities because of its specific structural feature.
Lipoxygenases (EC 1.13.11.12) are non-heme ironcontaining enzymes that catalyze the site-specific oxygenation of polyunsaturated fatty acids to produce hydroperoxides. Lipoxygenases are suggested to be involved in the early event of atherosclerosis by inducing plasma low-density lipoprotein (LDL) oxidation [1] . On the other hand, lipid peroxidation is known to be one of the major factors causing deterioration of foods during their processing and storage, since it leads to the development of unpleasant rancid or off flavors as well as potentially toxic end products [2] . Hence, lipoxygenase inhibitors should have broad applications [3] . However, safety is a primary and paramount consideration for food.
In recent years, the cashew Anacardium occidentale L. (Anacardiaceae) apple has increased in value, especially in the countries where it is grown, such as Brazil. There is no doubt that the nut (true fruit) is the most important product of the cashew tree. However, this tree also yields the pear-shaped "apple" (pseudo fruit) to which the nut is attached. A number of processes have now been developed for converting the cashew apple into various products such as juice, jam, syrup, chutney, and beverage. Cashew apple juice is, in fact, one of the most popular juices in Brazil today. Anacardic acids, 6[8'(Z),11'(Z),14'-pentadecatrienyl]salicylic acid (C 15:3 ) (1), 6[8'(Z),11'(Z)-pentadecadienyl]salicylic acid (C 15:2 ) (2), and 6[8'(Z)-pentadecaenyl]salicylic acid (C 15:1 ) (3), were previously characterized from the cashew apple [4] . Hereafter, for simplicity, these 6-alk(en)ylsalicylic acids are referred to as anacardic acid (C 15:3 ) (1), anacardic acid (C 15:2 ) (2) and anacardic acid (C 15:1 ) (3), and their diverse biological activities have been described, including their lipoxygenase inhibitory activity [5] . In a preliminary assay, these anacardic acids were found to inhibit the linoleic acid peroxidation catalyzed by soybean lipoxygenase-1 (EC 1.13.11.12, Type 1). Salicylic acid did not inhibit this lipoxygenase-catalyzed oxidation of linoleic acid, indicating that the tail portion is vital for this specific activity. Lipoxygenase inhibitors from a regularly imbibed beverage, such as cashew apple juice, may be superior compared with non-natural ones. However, anacardic acids (1 and 2) were found to act as substrates at lower concentrations, because both possess a (1Z,4Z)pentadiene system in their pentadeca(en)yl side chain. Lipoxygenases catalyze the dioxygenation of the (1Z,4Z)-pentadiene moiety of polyenoic fatty acids to the 1-hydroperoxy-(2E,4Z)-pentadiene product. Because of their free radical nature, anacardic acid hydroperoxides can be quite active by themselves. This prompted us to examine their effective utilization.
Cashew nut shell liquid (CNSL) from A. occidentale is available in greater tonnage, but it is neglected in commercial terms and there is thus considerable potential for its further exploitation. CNSL, traditionally obtained in yields of 30-35% from the shell as a byproduct during the removal of the cashew kernel from the nut, contains approximately 70% anacardic acids. Thus, anacardic acids (1-3) can be obtained in large quantities from CNSL [6] . In our continuing efforts concerning the utilization of CNSL as a starting material for the preparation of useful compounds, diverse biological activities of anacardic acids such as antibacterial, antioxidant and antitumor activities have been reported. It is for these reasons that anacardic acids were recently suggested to be utilized in functional food formulations [7] . Lipid peroxidation is known to be one of the major factors causing deterioration of foods during their processing and storage, and anacardic acids (1-3) are described to inhibit the peroxidation of linoleic acid catalyzed by soybean lipoxygenase-1 [8] . During the lipoxygenase kinetic study, we became aware that anacardic acid (C 15:3 ) (1) and anacardic acid (C 15:2 ) (2) were oxidized as substrates at lower concentrations ( Figure 2 ), because both possess a (1Z,4Z)-pentadiene system in their C15-alkenyl side chain, although both exhibited inhibitory activity at higher concentrations. If anacardic acids 1 and 2, represented as (LH), are oxidized as substrates to the corresponding conjugated hydroperoxides (LOO•) [9] , these in turn would create the potential regeneration pathway viz., (LOO• + LH→LOOH + L•), which could be followed by (L• + O 2 →LOO•). Due to their free radical nature, anacardic acid hydroperoxides can be quite active by themselves, and thus the lipoxygenase products mediate many biological processes. It appears thus that lipoxygenases catalyze the oxygenation of polyenoic compounds containing a (1Z,4Z)-pentadiene system such as anacardic acids (1, 2) into their 1hydroperoxy-(2E,4Z)-pentadiene products. As long as the (1Z,4Z)-pentadiene system is present in the molecules, this system preferentially interacts with the active site in the enzymes, regardless of their hydrophilic portions. This may explain the observation that, as the days go by, cashew apple juice starts to produce a rancid odor. Anacardic acids (1, 2) are present in cashew apples that are widely consumed for many years not only as fresh fruit but also as various processed products, especially as juice. In addition, the (1Z,4Z)-pentadiene system is known to exist in many natural products. For example, 5-alk(en)ylresorcinols, commonly known as cardols, are present in many edible plants such as pistachio (Pistacia vera), macadamia (Macademia ternifolia), and mango (Mangifera indica) [10] . More specifically, both 5[8(Z),11(Z),14-pentadecatrienyl]resorcinol (10) and 5[8(Z),11(Z)-pentadecadienyl]resorcinol (11) , as well as the alk(en)ylphenols 3[8(Z),11(Z),14pentadecatrienyl]phenol (12) and 3[8(Z),11(Z)pentadecadienyl]phenol (13) , known as cardanols (12 and 13 respectively), artifacts of the corresponding anacardic acids produced by heating and isolated from CNSL [6] , were all oxidized as substrates at lower concentrations. It appears that lipoxygenase can first recognize the (1Z,4Z)-pentadiene system regardless of other part of the molecules. Since safety is a primary and paramount consideration for food, their safety may need to be examined. Hence, the (1Z,4Z)-pentadiene should be avoided in the hydrophobic tail portion. To address this problem, the fraction of the CNSL containing anacardic acids (1-3) was hydrogenerated over 5% Pd-C to yield the stable saturated anacardic acid (C 15:0 ) (4). Anacardic acid (C 15:1 ) can be purified from CNSL by HPLC [4, 7] , but this may not be practical for commercial use. On the other hand, anacardic acid (C 15:0 ) was previously described as inhibiting the linoleic acid peroxidation catalyzed by soybean lipoxygenase-1, although only the IC 50 value was reported [5] . The synthesized anacardic acid (C 15:0 ) was tested for its lipoxygenase inhibitory activity using soybean lipoxygenase-1. Anacardic acid (C 15:0 ) is stable, colorless, inexpensive and biodegradable.
In the current experiment, linoleic acid was used as a substrate. Soybean lipoxygenase-1 (EC 1.13.11.12, Type 1) is known to catalyze the dioxygenation of the (1Z,4Z)-diene moiety of linoleic acid to the 1hydroperoxy-(2E,4Z)-pentadiene product. In plants, the primary dioxygenation product is 13(S)-hydroperoxy-9Z,11E-octadecadienoic acid (13-HPOD) (5) [2] . Hence, the enzyme activity was monitored by measuring a UV absorption at 234 nm associated with the 1hydroperoxy-(2E,4Z)-conjugated double bonds newly formed in the product, but not the substrate. The data were obtained at pH 9 because soybean lipoxygenase-1 was reported to have its optimum at this pH [11] . The kinetic data obtained with anacardic acid (C 15:0 ) are similar to those reported for anacardic acid (C 15:1 ) [8] .
Anacardic acid (C 15:0 ) (4) showed a dose-dependent inhibitory effect on this oxidation. The IC 50 was estimated to be 14.3 µM (4.88 μg/mL), which is about 2-fold less potent compared with that of anacardic acid (C 15:1 ). The reason for the difference in IC 50 between anacardic acid (C 15:1 ) and anacardic acid (C 15:0 ) remained unclear. However, this may be explained by the difference of their solubility caused by the degree of unsaturation of the side-chain. Similar results have been obtained in other biological activities of anacardic acids, such as their antibacterial properties [12] .
The inhibition was not affected by the preincubation experiment, in the presence of anacardic acid (C 15:0 ), but without linoleic acid. It appears that the double bond is not essential to inhibit the enzymatic peroxidation of linoleic acid, but is associated with increasing the activity. The linoleic acid peroxidation catalyzed by soybean lipoxygenase-1 follows Michaelis-Menten equations. The plots of the remaining enzyme activity versus the concentrations of enzyme at different concentrations of anacardic acid (C 15:0 ) (4) gave a family of straight lines, which passed through the origin, as shown in Figure 3 . parameters for soybean lipoxygenase-1 during the linoleic acid peroxidation obtained from a Dixon plot show that K m is equal to 13.1 μM and V m is equal to 4.7 μM/min. The estimated value of K m obtained from a spectrophotometric method is in good agreement with the previously reported value [13] . The equilibrium constant for anacardic acid (C 15:0 ) binding, KI, was obtained from a plot of the apparent Michaelis-Menten constant versus the concentration of anacardic acid (C 15:0 ), which is linear. The inhibition kinetics analyzed by Lineweaver-Burk plots also confirmed that the anacardic acid (C 15:0 ) is a competitive inhibitor (data not illustrated).
Lipoxygenase is a non-heme iron-containing enzyme and lipoxygenase inhibitors are known to act mainly in two different ways: by chelating the iron of the active site of the enzyme [14] and/or by reducing the ferric form of the enzyme to an inactive ferrous form [15] . Taken altogether, anacardic acid (C 15:0 ) inhibits linoleic acid peroxidation catalyzed by soybean lipoxygenase by chelating the iron of the active site, without pro-oxidant effects. In previous reports, anacardic acids were described as forming complexes with both the divalent ferrous ion and trivalent ferric ion [16] , and hence, anacardic acids can be expected to inhibit both E ox and E red forms of lipoxygenases as iron chelators. Salicylic acid (6) also forms complexes with both ferrous and ferric ions, but it does not inhibit the enzymatic linolenic acid peroxidation, indicating that the chelation ability alone is not enough to inhibit the activity of the enzyme. This can be indirectly supported by the observation that either 3-pentadecanylphenol or cardanol (C 15:0 ) (7) , an artifact of the corresponding anacardic acid (C 15:0 ) produced by heating, did not show any inhibitory activity up to 200 μM. In addition, neither the methyl ester (8) nor acetate (9) of anacardic acid (C 15:0 ) noticeably inhibited this oxidation, indicating that not only the salicylic acid moiety but also an alk(en)yl side chain are an essential combination for eliciting the inhibitory activity. The hydrophilic head portion of anacardic acids first chelates the iron in the active site like a "hook" in attaching itself to the hydrophilic portion of the molecule, and then the hydrophobic tail [17] . The molecular dimensions, together with the lipophilicity, have a critical impact on the ability of this class of chelator to inhibit lipoxygenase. The interaction of iron-chelating molecules with the iron center of lipoxygenase is known to be influenced by the lipid solubility [18] . It appears that hydrophilic ligands with a longer alkyl side chain length tend to be the more potent inhibitors. Incidentally, both anacardic acids (C 22:1 ) and (C 22:0 ) were previously reported to inhibit potato lipoxygenase [19] .
Although anacardic acid (C 15:0 ) (4) was not isolated from cashew, it was previously isolated in large quantities, together with anacardic acid (C 15:1 ) (3), as prostaglandin synthetase inhibitors from the African medicinal plant Ozoroa mucronata (Anacardiaceae) [20] . In the case of lipoxygenase inhibitory activity, anacardic acid (C 15:0 ) was found to show inhibitory activity, but to a slightly lesser extent than anacardic acid (C 15:1 ). Anacardic acids isolated from cashew (1-3) are known to exhibit antibacterial activity, especially against Gram-positive bacteria [20] . It should be noted, however, that anacardic acid (C 15:0 ) did not show any antibacterial activity. For example, anacardic acid (C 15:1 ) exhibited antibacterial activity against Streptococcus mutans with a minimum inhibitory concentration of 6.25 µg/mL, but anacardic acid (C 15:0 ) had no effect on this bacterium up to 800 µg/mL. Both anacardic acids (3 and 4) isolated from another African Ozoroa species, O. insignis, were reported to be cytotoxic to six human cancer cell lines [21] . Among these natural lipoxygenase inhibitors, anacardic acid (4) is a most stable lipoxygenase inhibitor, not being oxidized.
Cardanols no longer inhibit the peroxidation of linoleic acid catalyzed by soybean lipoxygenase-1, indicating that the carboxyl group is an essential element in eliciting this specific activity. Anacardic acids are known to inhibit various enzymes, such as lipoxygenases [4, 22] , prostaglandin endoperoxide synthase [19] , xanthine oxidase [7, 23] , prostaglandin synthase [20] , and histone acetyltransferases [24] . Since salicylic acid has little or no effect on these enzymes, the hydrophobic alkyl side chain in the anacardic acids is also undoubtedly associated with the enzyme inhibitory activity. It seems that these enzymes have in common a relatively nonspecific and hydrophobic domain. The hydrophobic pentadeca(en)yl side chain in anacardic acids is likely to interact with this hydrophobic domain and disrupt the enzymes' quaternary structure [25] . Native proteins form a sort of intramolecular micelle, in which their nonpolar side chains are largely out of contact with the water-based test solution. The hydrophobic C 15 -alkyl side chain may act as an anchor in the low dielectric interior of proteins. This concept can be more broadly conceivable in that the straight alkyl chain should allow for conformational flexibility and interact with many types of hydrophobic domain in different enzymes. The nonspecificity of the enzyme inhibition of anacardic acids supports this assumption.
Anacardic acids in general act as antioxidants in a variety of ways, including inhibition of various prooxidant enzymes involved in the production of the reactive oxygen species and additionally chelate transition-metal ions, but do not quench reactive oxygen species [26] . Thus, anacardic acids are preventive antioxidants. They may be advantageous in the suppression of the formation of free radicals and active oxygen species in the first line of defense. The metal chelation capacity of anacardic acids is their additional advantage since it reduces the concentration of the catalyzing transition-metal in lipid peroxidation. It is known that chelating agents that form bonds with a metal are effective as secondary antioxidants because they reduce the redox potential, thereby stabilizing the oxidized form of the metal ion [27] . In summary, anacardic acid (C 15:0 ) appears to combine both lipoxygenase inhibitory activity and metal chelation properties in one agent without itself being oxidized. It should have potential for use as an antioxidant additive in food. However, its biological significance in living systems is still largely unknown. Thus, it is not clear whether ingested anacardic acid (C 15:0 ) is absorbed into the system through the intestinal tract and delivered to the places where lipoxygenase inhibitors are needed. The relevance of the in vitro experiments in simplified systems to in vivo protection from oxidative damage should be carefully considered. Further evaluation is needed to identify and formulate a holistic and dynamic perspective.
Experimental
Chemicals: Anacardic acids, cardols and cardanols were available from our previous work [4] . Soybean lipoxygenase-1 (EC 1.13.11.12, Type 1), dimethyl sulfoxide (DMSO), salicylic acid, Tween-20 and linoleic acid were purchased from Sigma Chemical Co. (St. Louis, MO). 13(S)-Hydroperoxy-9Z,11E-octadeca-dienoic acid (13-HPOD: λmax = 234 nm, ε = 25 mM -1 cm -1 ) was prepared enzymatically by the procedure previously described, and stored in ethanol at -18ºC [28] .
Inhibition experiments on lipoxygenase-1:
The experiments were performed by measurement of the initial rate of soybean lipoxygenase-1 with a Spectra MAX plus spectrophotometer (Molecular Device, Sunnyvale, CA) at 25ºC. The enzyme assay was performed as previously reported with slight modifications [29] . Commercial lipoxygenase contains a non-heme ferrous ion (E red ) that must be oxidized to yield the catalytically active ferric enzyme (E ox ) and, therefore, a catalytic amount of 13-HPOD derived from linoleic acid was usually added as a cofactor.
In general, the reaction mixture consisted of 2.97 mL of 0.1 M sodium borate buffer (pH 9.0), 15 μL of 3 mM stock solution of linoleic acid (LH) and 5 μL of an ethanolic inhibitor solution. Then, 10 μL of 0.1 M sodium borate buffer solution (pH 9.0) of lipoxygenase (0.52 μM) was added. The resultant solution was mixed well and the linear increase of absorbance at 234 nm was measured continuously for 5 min; this expresses the formation of conjugated diene hydroperoxide (LOOH viz. 13-HPOD), (ε = 25000 M -1 cm -1 ). The lag period shown on lipoxygenase reaction was excluded for the determination of initial rates [30] . The stock solution of linoleic acid was prepared with Tween-20 and sodium borate buffer at pH 9.0, and then the total Tween-20 content in the final assay was adjusted below 0.01%. For determining the reversible inhibition, the enzyme concentration was changed to 0.094, 0.141, 0.188, 0.235, and 0.282 μg/mL with a constant substrate concentration (30 μM). Three concentrations (10, 15 and 30 μM) of linoleic acid were selected for Dixon plots.
Data analysis and curve fitting:
The assay was conducted in triplicate in separate experiments. Data analysis was performed using a Sigma Plot 2000 (SPSS Inc, Chicago, IL). The inhibitory concentration leading to 50% activity loss (IC 50 ) was obtained by fitting experimental data to the logistic curve by the equation [31] :
Activity (%) = 100(1/(1+([I]/IC 50 ) .
